The effects of age and caloric restriction on cell proliferation, measured as scheduled DNA synthesis (SDS), were evaluated in primary hepatocyte cultures from control and partially hepatectomized (PH) young to old ad libitum (AL) and caloric-restricted (CR) male Fischer 344 (F344) rats. We reported significant age-or CR-related decreases in SDS in control cultures. PH-induced cultures exhibited significant increases in SDS compared with their control counterparts. Hepatocytes from PH-induced old CR dietfed animals exhibited significant increases in SDS compared with cultures from control old CR, PH-induced young CR and PH-induced old AL animals. Alternatively, SDS rates for PH-induced young CR animals were significantly lower at 48 h and higher at 72 h than the rates we reported for cultures from PH-induced young AL F344 rats. These data suggest that CR decreases and preserves the proliferative capacity in hepatocytes from young animals and may permit animals to respond more efficiently with induced compensatory cellular replication in old age.
Introduction
Maintenance of the integrity of genomic DNA in somatic cells is essential for the continued functional stability and survival of the cell and organism (Tice and Setlow, 1986) . Since cell division allows for mitotic recombination, fixation of mutations and activation of oncogenes (Cohen and Ellwein, 1990; Aaronson, 1991) , decreases in the fidelity of DNA synthesis during cell proliferation and DNA excision repair have been implicated in the accumulation of genetic errors associated with aging (Szilard, 1959; Williams, 1976) . Increased rates of cell proliferation may accelerate deteriorative aging by increasing the accumulation of genetic lesions and altering the ability to adapt to environmental factors, which ultimately may lead to increased cancer risks.
In rodents, cell proliferation and liver regeneration may be induced by chemical treatment or partial hepatectomy (PH). Liver regeneration has been characterized by the induction of regulated waves or bursts of hepatocellular proliferation which eventually restore the removed parenchyma cells (Higgins and Anderson, 1931) . The use of PH has been shown to be a model system in rodents for studying the interaction between cell proliferation and chemically induced hepatocarcinogenesis. Several studies have reported an increase in liver tumor formation in rodents treated with various hepatocarcinogens and subjected to PH (Pound and McGuire, 1978; Neal and Cabral, 1980; Solt et al, 1983; Dix, 1984) .
Caloric restriction (CR) has been considered to be the only experimental manipulation known to increase the lifespan of mammals. In early studies it was reported that restriction of total calories produced an increased lifespan in rats (McCay et al, 1935) . Subsequent studies have shown that CR has increased both the mean and maximum lifespan of laboratory rodents and has diminished the incidence of a variety of age-related disease processes (reviewed in Tannenbaum and Silverstone, 1953; Ross, 1978) . The effect of CR on reducing the rates of cell proliferation in various rodent tissues has been reported (Lok et al, 1988 (Lok et al, , 1990 . Furthermore, a recent study by Himeno et al (1992) described the influence of CR on the patterns and levels of hepatocellular oncogene and growth factor expression, and on the rates of hepatocellular proliferative bursts from PH-induced F344 rats.
In the studies reported here, age-and CR-related alterations in the rate of cell proliferation, measured as scheduled DNA synthesis (SDS), were evaluated in primary hepatocyte cultures. The intact hepatocyte in primary culture retains many functions of the tissue of origin. Sufficient levels of major constitutive cytochrome P450 isoforms are retained during the first 24 h of culture to metabolically activate precarcinogens at similar rates as the intact liver (McMillan et al, 1991) . Numerous studies have utilized the in vivo-in vitro replicative DNA synthesis assay to monitor the genotoxic effects of a variety of compounds through the induction of cell proliferation, measured as SDS (Mirsalis et al, 1985; Loury et al, 1987; Buttenvorth and Goldsworthy, 1991; Miyagawa et al, 1995) . To achieve the endpoint of this study we have utilized hepatocyte cultures derived from control and PH-induced young to old ad libitum (AL) and CR diet-fed male F344 rats.
Material and methods

Chemicals and reagents
Williams' medium E (WE), fetal bovine serum (FBS), L-glutamine, HEPES buffer, gentamicin reagent solution and trypan blue stain were obtained from Gibco BRL (Grand Island, NY). Dexamethasone and insulin were purchased from Sigma Chemical Co. (St Louis, MO); [methyl- 3 H]thymidine (80 Ci/mmol) was from New England Nuclear (Wilmington, DE); and collagenase was from Worthington Biochemical Corporation (Freehold, NY).
Animals and diet regimen
Male Fischer 344 rats were raised at the National Center for Toxicological Research (Jefferson, AR) in a specified pathogen-free environment at 23°C and housed singly in plastic cages containing hardwood bedding chips. All animals were maintained on a light-dark cycle with lights on from 06.00 to 18.00 h and fed a standard NIH-31 diet At 14 weeks of age and continuing for the duration of the experiment, the animals were divided into a control group that was fed AL and a CR group which received 60">S: of the AL calorie consumption in a single daily feeding of mineral-and vitamin-supplemented NIH-31 ration as described in detail elsewhere (reviewed in Duffy et al, 1989; Turturro and Hart, 1992) . Data presented in this study utilized young and midlife animals ranging in age from 5 to 7 months and 11 to 14 months respectively. The old animals ranged in age from 18 to 33 months, with the oldest CR diet-fed animals utilized at 33 months. However, due to animal J.CShaddocfc, M.W.Chou and DA.Casciano mortality, the oldest AL diet-fed animals were limited to 26 months of age. Each age and diet group were represented by using animals across the range of ages listed above. On each occasion, similar SDS results were observed from animals within each age and diet-fed group. For example, in the old animal group, the CR diet-fed animals from 18 to 33 months produced similar SDS results, while similar group results were also observed in the old AL animals from 18 to 26 mondis.
Partial hepatectomy
Groups of young (5 months) and old (18 months) AL and CR diet-fed F344 rats received a partial hepatectomy by surgical removal of 66% of the liver as described by Higgins and Anderson (1931) . Briefly, animals were anesthetized with ether and PH was performed by aseptic surgical removal of the median and left lateral hepatic lobes. Control animals were not shamoperated. Hepatocytes were isolated and primary cultures established after 48 and 72 h, with the 72 h PH-induction limited to the young AL and CR dietfed groups of F344 rats.
Hepatocyte isolation and primary culture
Hepatocytes were obtained from young, midlife and old AL and CR diet-fed F344 rats which were either control or 66% hepatectomized via a modified in situ collagenase perfusion technique described by Oldham et al. (1979) . Suspensions of single cells were obtained with a simultaneous perfusion of three rats in which the animals were perfused in line using a single pump. The viability of the cells, as determined by trypan blue exclusion, was >87%. Monolayer cultures of hepatocytes were established on 22 mm round Thermonox coverslips (Miles Laboratories, Naperville, IL) by plating 1.25X10* viable hepatocytes/well in 2 ml of WE containing 17% FBS and supplemented with 10 \iM dexamethasone, 2 mU/ml insulin, 10 mM HEPES, 2 mM L-glutamine and 0.10 mg/ml gentamicin in a six-well Costar tissue culture dish (Cambridge, MA). Following a 2 h attachment period, the medium was removed and serum-free WE containing 10 jiCi/ml [methyl- 3 H]thymidine was added. Cultures were incubated overnight at 37°C in a 95% air/5% CO2 humidified atmosphere.
Autoradiography and detection of SDS
Autoradiographic procedures were from the methods of Shaddock et al. (1989 Shaddock et al. ( , 1990 Shaddock et al. ( , 1993 . Detection of SDS was performed according to the methods previously described by Casciano et al. (1988) . One thousand viable cells per slide were chosen at random and examined. The SDS data in this study were recorded as previously reported as percent of the total number of cells examined and statistical analysis of the data between the animal groups were performed using Fisher's least significant difference (LSD) method.
Results and discussion
The effects of aging and CR on cellular proliferation, measured as SDS, were evaluated in primary hepatocyte cultures established from the livers of control (non-PH) young, midlife and old AL and CR diet-fed male F344 rats and PH-induced young and old AL and CR diet-fed male F344 rats. In comparison to AL-fed animals, CR has been shown to reduce body and liver weights after only 4 weeks of restriction (Leakey et aL, 1989; Manjgaladze et al, 1993) . These results were similar to the present study, where body and liver weights of control male F344 rats were also reduced by CR (Table I ). The mean body weights of AL-fed animals increased by 35% from young to old, while the CR diet-fed rats from young to old increased by only 19%. The mean liver weights of the AL-fed rats increased by 13% from young to old, while the increase in the CR diet-fed animals from young to old was only 5%. Although age-related decreases were evident, liver weight as a percentage of body weight and presented as liver-to-body weight ratios were not reduced by CR in a statistically significant fashion. Liver-to-body weight ratios of the young AL to CR animals were 3.4 to 3.3 and from old AL to CR animals 2.9 to 2.6. In PH-induced animals, body weights decreased by an average of 4.8% in the AL and 3.8% in the CR animals after 48 h (data not shown) and were attributed in part to a decrease in food consumption following PH.
Cell proliferation has attracted considerable attention as a prerequisite for mutation fixation during the promotion and progression phases in the carcinogenesis process and is also 282 XeJ>Values (mean ± SEM, n = 7) in the same column with different letter superscript differ significantly (P < 0.05). 0.10 ± 0.08 0.12 ± 0.07 0.13 ± 0.05
x Ad libitum (AL) diet-fed.
•"Calorie restricted (CR), fed 60% of AL diet c Young male Fischer 344 rats, 5-7 months of age. d Mid-life male Fischer 344 rats, 11-14 months of age. 'Old male Fischer 344 rats, 18 months or older. 'Scheduled DNA synthesis data values (mean ± SD, n = 4 rats). 8 Statistical analyses were performed using Fisher's LSD method (significant at P < 0.05 for young AL to young CR comparisons and from young AL to midlife and old AL comparisons).
important as a requirement when animals are exposed to nongenotoxic carcinogens (Cohen and Ellwein, 1990; Mirsalis et al, 1990) . There are several studies in the literature that correlate decreases in cell proliferation in control animals with increases in chronological age (Post et al., 1960; Bucher, 1963; Gelfant and Graham, 1972; Mirsalis et al, 1994) . In the present study, similar age-related results were observed in hepatocyte cultures isolated from control AL diet-fed animals. Hepatocyte cultures derived from control midlife and old AL diet-fed F344 rats exhibited significant 3-fold decreases in SDS from young to midlife and young to old age (Table II) . CR has been shown to reduce the frequency of neoplastic and non-neoplastic disease, delaying aging and greatly extending the healthful lifespan of rodents (Weindruch and Walford, 1988) . In addition, it has been reported to reduce metabolic activation of chemical carcinogens (Chou et al, 1993a ) and decrease the rates of cell proliferation in several rodent tissues (Lok et al., 1988; Clayson et al., 1989; Chou et al, 1993b) . In cultures derived from control CR rats, significant decreases in SDS were observed (Table IT) from the rates observed in control young AL animals; however, no significant differences in SDS were observed between the cultures derived from young, midlife and old CR diet-fed F344 rats. These results are similar to the findings in a recent study by Asakura and co-workers (1994) , which also reports a CR-related reduction in the in vitro SDS rate in hepatocyte cultures from control young CR diet-fed male F344 rats.
The importance of cell proliferation in liver tumor promo- Table n . "^Partial hepatectomy (PH-48) and (PH-72), hepatocytes isolated 48 and 72 h after PH respectively. 'Scheduled DNA synthesis values (mean ± SD, n = 4 rats). Statistical analyses were performed using Fisher's LSD method, significant at P < 0.05 for within diet comparisons from uninduced young, "P < 0.05 for AL to CR comparisons; **P < 0.05 for within diet, young PH-48 to old PH-48 comparisons; and •••/» < 0.05 for within diet, young PH-48 to PH-72 comparisons.
tion has been recognized in studies where initiating doses of chemicals become hepatocarcinogenic when administered in conjunction with a proliferative stimulus such as PH (Craddock, 1976; Pound and McGuire, 1978; Neal and Cabral, 1980; Tsuda et al, 1980; Solt et al., 1983; Dix, 1984) . The regulated regenerative proliferation of hepatocytes in response to PH was characterized as coordinated waves of hepatocellular proliferation, which eventually restored the removed parenchyma (Higgins and Anderson, 1931) . After 60-65% PH, several studies have reported peaks in the wave of hepatic DNA synthesis at 20-24 h, followed by a wave of cell division and a normalizing in the liver weight after 1 week (Ogawa et al., 1985; Fausto and Mead, 1989; Michalopoulos, 1990) . In the present study, cultures from 48 h PH-induced old ALfed animals exhibited 48-and 1.4-fold increases in SDS rates (Table III) compared with hepatocytes from control old and 48 h PH-induced young AL-fed animals respectively. These findings are similar to the results presented in a study by Ogawa and co-workers (1985) which describes the effect of aging on DNA synthesis in young and old rats at several time points after PH. It was reported that [ 3 H]deoxythymidine incorporation into hepatic DNA after PH occurred earlier and at a higher rate in young rats, with the peak of the first wave of hepatocellular proliferation occurring at 24 h. In contrast, it was also reported that in old rats DNA synthesis occurred later and at a lower rate at 24 h, with the first wave of DNA synthesis gradually peaking at 42 h (Ogawa et al., 1985) . In comparison to the 48 h PH-induced young AL animals, the higher rates of SDS in the 48 h PH-induced old AL-fed animals in the present study suggest an age-related delay or shift in the first wave of hepatocellular proliferation in the older animals. Furthermore, in earlier studies it was shown that liver regeneration after PH is delayed in old rats in proportion to age (Bucher, 1963; Gelfant and Graham, 1972) .
The mechanism by which CR delays aging and extends the healthful lifespan of rodents is not fully understood. Control animals maintained on CR have been shown to have lower rates of cellular proliferation than their AL counterparts (Licastro et al, 1988 ; see also Table II ). In order to evaluate whether the PH inducible responses of CR diet-fed animals were similar to or perhaps greater than control CR and PHinduced AL diet-fed animals, we measured the effect of CR on the burst of hepatocellular DNA synthesis following PH. Hepatocyte cultures derived from PH-induced CR diet-fed animals exhibited significant increases in SDS rates compared with their control counterparts (Table III) . Hepatocytes from 48 and 72 h PH-induced young CR diet-fed animals exhibited 18-and 87-fold increases in SDS rates, respectively, compared with cultures from control young CR diet-fed rats. Similarly, cultures from 48 h PH-induced old CR diet-fed rats exhibited 253-and 18-fold increases in SDS rates compared with cultures from control old CR and 48 h PH-induced young CR diet-fed rats respectively. These results are similar to the findings in a study by Asakura et al. (1994) which reports significant increases in SDS rates in hepatocyte cultures from carbon tetrachloride (CCy-induced CR diet-fed rats compared with control CR rats. In addition, significant diet-related differences in SDS rates were also observed between the 48 and 72 h PH-induced AL and CR diet-fed animals (Table HI) . A 3-fold decrease in SDS was observed in hepatocytes from 48 h PH-induced young CR animals compared with the 48 h PHinduced young AL F344 rats. However, by 72 h the young AL animals showed a 1.7-fold decrease in SDS rate compared with the 48 h PH-induced young AL F344 rats, and the young CR animals exhibited 5-and 2.5-fold increases in SDS rates compared with the 48 h PH-induced young CR and 72 h PH-induced young AL-fed F344 rats respectively. These results may indicate a CR-related shift in the first wave of hepatocellular DNA synthesis following PH. Himeno et al. (1992) reported the first wave of regenerative DNA synthesis in the liver from 18 to 28 h, with the peak at 24 h in CC1 4 -induced AL and CR diet-fed rats, hi addition, a 4-fold increase in SDS was observed in cultures from 48 h PH-induced old CR animals compared with the 48 h PH-induced old AL-fed rats. While fasting was shown to delay and reduce DNA synthesis during PH-induced hepatocellular regeneration (Kallenbach et al., 1983) , our data and the results previously reported (Himeno et al, 1992; Chou et al, 1995) suggest that PH-induced CR diet-fed animals responded with an equivalent or greater hepatocellular proliferative burst than PH-induced AL-fed animals.
This study presents data on cellular proliferation (measured as SDS) in aged, CR and PH-induced male F344 rats. Cell proliferation has been recognized as an important process in hepatocarcinogenesis from observations where a number of carcinogens that normally do not induce liver tumors in adult animals become hepatocarcinogenic when administered in conjunction with a proliferative stimulus such as PH (Neal and Cabral, 1980; Solt et al., 1983) or CC1 4 (Pound and McGuire, 1978; Solt et al., 1983) . In chemically induced cell proliferation, enhanced rates of cell replication may increase the frequency of spontaneous and chemically derived mutations by fixation of errors during replication or conversion of DNA adducts to mutations before excision repair occurs. Although the exact mechanism remains unclear, CR has been reported to not only decrease cell replication in young animals, but also preserve the replicative potential in old animals (Wolf et al, 1995) . In summary, we report age-and diet-related alterations in the rate of SDS during normal maintenance and induced hepatocellular regeneration following PH. Our data suggest that CR decreases and preserves the proliferative capacity in hepatocytes from young animals and may permit CR animals to better respond to age-related stresses as prerequisites for compensatory cell replication in old age.
